The antibody responses of pigs to porcine reproductive and respiratory syndrome virus (isolate VR-2332) were evaluated by indirect immunofluorescence, virus neutralization, and immunoblotting. All pigs in each group were positive by indirect immunofluorescence 14-21 days postexposure (DPE), and antibodies to specific viral proteins (15, 19 or 26 kD) were initially demonstrated by immunoblotting at 7-21 days DPE. Neutralizing antibodies were detected in only 2 pigs that were inoculated intranasally and given additional parenteral injections with adjuvant. These antibodies appeared much later, 51-70 DPE, than did antibodies detected by indirect immunofluorescence. The titer of the neutralizing antibodies increased until 127 DPE, after which the titers decreased, and 1 animal became seronegative for neutralizing antibody by 262 DPE.
Porcine reproductive and respiratory syndrome (PRRS) was first reported in swine herds in the United States in 1987. 7 The disease has since been reported in Europe and is a threat to most countries with intensive swine industries. 8 The disease causes severe reproductive failure in sows, respiratory disease and increased preweaning mortality in suckling pigs, and a mild flu-like disease in grower-finisher pigs. 7, 13, 18 The etiologic agent of PRRS is a small, enveloped RNA virus with morphologic, physicochemical, and genetic properties similar to those of other members of the Arteriviridae. 1, 5, 9, 13, 18 Members of the Arteriviridae also share common properties of targeting macrophages and producing persistent and chronic infections. 6, 14 There is limited information on the PRRS virus (PRRSV) immune response in swine. Previous reports indicate that serum antibody can be detected in experimental animals as early as 7 days postexposure (DPE) using an indirect fluorescent antibody (IFA) test. 19 However, serum antibodies may not be protective because virus can be isolated from the blood in the presence of high titers of neutralizing antibodies 13, 16 Neutralizing antibody has been reported to appear as early as 14 DPE 11 and as late as several months postexposure to PRRSV. 1,3 Although it is not known if antibody plays a role in the recovery from PRRSV, most animals that recover develop an antibody response and appear to return to normal production levels within a few weeks to months after infection. 11, 16 An understanding of the humoral responses to structural and nonstructural proteins of PRRSV following infection is necessary for development of an effective vaccine strategy. Furthermore, the production of deletion-mutant or recombinant vaccines depends on selection of a viral protein that will induce the proper antibody response to protect the animal from disease. This report describes the humoral immune response of pigs that received either a single intranasal dose or multiple doses (intranasal and parenteral) of virulent PRRSV. The development of the humoral immune response was monitored by IFA, 19 viral neutralization (VN), 1,3,11 and immunoblotting (IB) assays.
Materials and methods
Cells and virus. The cell line CL2621 a was maintained and used to propagate PRRSV as previously described. 1 The virulent isolate, VR-2332, of PRRSV (7th passage in CL2621 cells) was used as the inoculum in this study. Cell debris was removed by low-speed centrifugation at 4,000 × g for 20 min at 4 C. The supernatant containing virus was then aliquoted into small volumes and stored at -80 C. This virus stock had an infectivity titer of 10 5 TCID 50 /ml.
Pigs. Pigs were derived from sows or gilts from the same commercial herd. The sows and gilts were free of PRRSV antibodies as determined by VN 1 and IFA tests. 19 Gnotobiotic piglets were derived and maintained as previously described. 3,4,10 Experimental group 1 consisted of 5 gnotobiotic piglets inoculated intranasally with 1 ml of PRRSV at 3 days of age and 3 control piglets inoculated with uninfected CL2621 cell lysates. These piglets were maintained in gnotobiotic isolators until euthanized at 27 DPE. In group 2, two adult boars were intranasally inoculated with 2 ml (1 ml in each nare) of PRRSV at 6 months of age and maintained in an isolation room for the duration of the study. Two gnotobiotic piglets in group 3 were inoculated intranasally at 7 days of age as described for the piglets in group 1. At 14 and 28 DPE, the piglets in group 3 were subcutaneously inoculated with 2 ml of a 1:1 mixture of PRRSV and Freund's incomplete adjuvant. These piglets were then removed from the gnotobiotic isolators and placed in an isolation room at 28 days of age. One piglet was euthanized at 171 DPE and the other at 535 DPE. In each group, pigs were examined daily (0-14 DPE) for clinical signs of PRRSV. Blood was collected at selected intervals, and serum was harvested and frozen at -20 C until used in the various assays to detect antibodies to PRRSV.
IFA test. The IFA test was similar to a test previously described. 19 Approximately 1 × 10 6 CL2621 cells/ml were seeded into 96-well microplates and incubated for 48 hr at 37 C in an atmosphere of 5% CO 2 . The PRRSV stock was diluted in minimal essential medium (MEM) b containing 2% horse serum to a concentration that produced approximately 100 foci of infected cells in each well. Growth medium was removed from the wells, and the diluted PRRSV was added to alternating rows of cells. Rows of uninoculated cells contained only MEM with 2% horse serum and no PRRSV. After 24 hr, medium was removed from all wells and 200 µl of 80% acetone was added to each well for 15 min. Plates were then emptied and allowed to air dry prior to use or storage at -20 C.
Test sera were serially diluted in 2-fold increments (1:20 to 1:10,240) in phosphate-buffered saline (PBS; pH 7.2) in a 96-well microplate. One hundred microliters of each dilution was then transferred to 2 microplate wells containing cells previously inoculated with PRRSV and 2 wells containing uninoculated cells. The plates were incubated for 30 min at 37 C and washed twice with PBS. After washing, 40 µl of an optimal dilution (1:40 in PBS) of fluorescein isothiocyanateconjugated rabbit anti-swine IgG (heavy and light chains) c was added to each well. Plates were incubated at 37 C for 30 min and washed twice with PBS, and 150 µl of PBS was added to each well. Plates were examined on an inverted fluorescence microscope. IFA titers were recorded as the highest serum dilution that gave specific cytoplasmic fluorescence. A titer of ≥ 1:20 was considered to be positive. Positive and negative sera were included as controls on each plate. VN test. This procedure has been described. 1, 3, 11 The end point titer was expressed as the reciprocal of the highest serum dilution that neutralized PRRSV cytopathic effects in 2 replicate wells.
Electrophoresis and immunoblotting. Viral proteins from cell culture-propagated PRRSV were separated using 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Proteins were transferred onto nitrocellulose filter paper (NC) d using 90 mA of current for 10 hr in transfer buffer (20 mM Tris, 150 mM glycine, 20% methanol, pH 8). The NC filter was washed for 30 min at 37 C in PBS containing 0.5% Tween-20 (PBST 20 ) and rinsed twice with 0.05% PBST 20 . Serum antibodies diluted 1:200 in 0.05% PBST 20 were allowed to bind for 1 hr at 37 C. The NC was washed 3 times with 0.05% PBST 20 to remove unbound nonspecific antibody. Bound antibody was detected using 125 I-labeled protein G ( 10 5 counts/min diluted in 0.05% PBST 20 , specific activity 11.6 µCi/µg), e which was incubated with the NC filter for 1 hr at room temperature. The membrane was then washed 3 times with PBST 20 and once with PBS and exposed to X-Omat AR film f for 24 hr at -70 C.
Microscopic examinations. Brain, lung, and heart were collected from the 8 piglets in group 1, fixed in 10% neutral buffered formalin, embedded in paraffin, sectioned at 4 µm, and stained with hematoxylin and eosin. 17 Histologic changes in tissues were evaluated by light microscopy. g
Results
Clinical signs and microscopic lesions. Group 1 PRRSV-inoculated gnotobiotic pigs had anorexia and an increased respiratory rate lasting for 1-2 days, with an onset of 3-11 DPE. The 8 group 1 pigs were euthanized at 27 DPE. The 5 pigs inoculated with PRRSV all had microscopic lesions of subacute, interstitial pneumonitis and interstitial lymphocytic myocarditis. These lesions were consistent with those previously described for PRRSV-infected piglets euthanized at 28 DPE. 15 Lesions were not seen in the 3 control pigs.
One boar (92X64) in group 2 developed a fever (105 F) and became anorexic and depressed at 3 DPE. These signs persisted for 24 hours. No clinical signs were observed in the other boar (92X101). Boar 92X64 was euthanized at 35 DPE, and sporadic microscopic lesions in the lung were noted, consisting of mild, chronic interstitial pneumonia around bronchioles. No microscopic lesions were noted in boar 92X101, which was euthanized at 105 DPE.
Both pigs in group 3 had increased respiratory rates and transient anorexia lasting for 1-2 days. Pig 91X230 was euthanized at 171 DPE and pig 92X231 was euthanized at 535 DPE.
Humoral immune response. Antibodies to PRRSV antigens were initially detected by IFA in pigs in groups 1 and 3 at 15 and 14 DPE, respectively, whereas an-tibodies in pigs in group 2 were not detected until 21 DPE (Tables 1-3) . The 3 control pigs in group 1 were negative for PRRSV antibody by IFA and VN tests at all sample times.
Neutralizing antibodies were only detected in the group 3 pigs (Table 3 ). These antibodies appeared at 51 and 70 DPE (7-10 weeks after intranasal inoculation with virulent virus) or 23 and 42 days after the last inoculation with virulent virus and adjuvant. The titer of the neutralizing antibodies increased in pig 91X231 to 1:1,024 at 106 DPE (Table 3 ) and 1:64 in pig 91X230 at 127 DPE (Table 3) . Pig 91X231 became seronegative by 262 DPE. Neutralizing antibodies were not demonstrated at 27 and 42 DPE in pigs in groups 1 and 2, which were only inoculated intranasally with virulent PRRSV.
Immunoblotting of PRRSV proteins. Seroconversion was also demonstrated by immunoblotting. After inoculation, antibodies to PRRSV proteins with molecular masses of 15, 19 and 26 kD and a high-molecular-weight band of protein were detected (Figs. 1, 2) .
This high-molecular-weight protein is presumably cell protein, because the band appeared in lysates from both infected and noninfected CL2621 cells. The group 3 pigs did show some correlation between the appearance of antibody to the 26-kD protein and the appearance of neutralizing antibodies. However, in the group 1 and 2 pigs, there was no correlation between the appearance of IFA or neutralizing antibodies and a given viral protein. In all 3 groups of pigs, antibodies to specific viral proteins were demonstrated by immunoblotting at 7-27 DPE. In many but not all cases, antibody was detected to the 15 or 19-kD viral protein before that of the 26-kD protein. In general, the antibody response to the 15-and 19-kD proteins was also stronger (more intense band on autoradiograph) than the response to the 26-kD protein.
Discussion
In the present study, circulating antibodies to PRRSV were detected within 14-21 DPE by the IFA test. Neutralizing antibodies were detected only in the 2 animals given multiple injections of virulent virus with adjuvant, and these antibodies appeared late (51-70 DPE) after the initial inoculation and persisted for only 232 days (8 months) after the initial inoculation, whereas antibodies could still be detected by IFA at this time. Antibody to PRRSV was detected by immunoblotting within 7-21 DPE in all pigs and persisted for the entire sampling period, which was up to 340 days (11 months) for 1 group 3 pig.
In a previous study using an IFA test, 19 serum antibody to PRRSV was detected in experimentally infected 6-week-old pigs at 7-9 DPE and IFA titers peaked at 11-21 DPE. Sows included in the same study were seropositive 14-26 DPE. The IFA test results for the boars in group 2 were comparable to those of the sows in the previous study . 19 However, antibody was not detected by the IFA test in serum from piglets at 7 and 10 DPE (groups 1 and 3, respectively). These piglets had seroconverted by 15 and 14 DPE (groups 1 and 3, respectively) and reached peak IFA titers at 31-70 DPE. The slightly longer time required for detection of antibody and peak titers in this study may relate to the use of gnotobiotic rather than conventionally derived piglets, and the piglets were inoculated at 3 or 7 days of age rather than at 6 weeks of age. Studies have shown that gnotobiotic piglets have slower immunologic development and are less responsive than are conventionally raised pigs. 2
In the present study, antibody to PRRSV was routinely detected by the IFA test and immunoblotting prior to the detection of antibody by the VN test. The VN test is less sensitive than the other tests; it could be affected by circulating immune complexes, or neutralizing antibody may actually not appear until later after initial infection. Also, the antigenic epitope(s) associated with VN may represent only one of many antigenic epitopes on a viral protein. Therefore, it is not surprising that the immunoblotting assay detects antibody prior to the appearance of neutralizing antibody. Serum antibody to PRRSV was detected by immunoblotting at approximately the same time it was detected by the IFA test.
Previous reports indicate that arterivirus proteins of molecular masses of 12-14, 16-18, and 24-50 kD correspond to the nucleocapsid, nonglycosylated, and glycosylated envelope viral proteins, respectively. 14 Three structural proteins of 15, 19, and 26 kD have been reported for the VR-2332 isolate of PRRSV. 12 In this study, the immune response was directed to 3 structural proteins of the PRRSV with molecular masses of 15, 19, and 26 kD. There was no clear correlation of the appearance of circulating antibodies as detected by IFA or VN tests with the detection of antibody to a particular viral protein by immunoblotting. This lack of correlation may be due to poor sensitivity of the VN test, the presence of circulating virus-antibody Figure 2 . Immunoblot of cell culture lysates from uninoculated CL2621 cells (A) and CL2621 cells inoculated with PRRSV VR-2332 (B) using serum from group 3 pig 91X231 collected at 58, 70, 86, 93, 106, 113, 127 , and 140 days postexposure. Pig 91X231 was inoculated intranasally at 7 days of age and subcutaneously at 14 and 28 days postexposure with the VR-2332 isolate of PRRSV. complexes similar to that seen in lactate dehydrogenase-elevating virus infection, 14 or a small number of animals that developed neutralizing antibody. Viremia and circulating antibodies against PRRSV are known to coexist for at least several weeks following inoculation of piglets with PRRSV. 16 The stronger signal observed to the 15 and 19-kD proteins may reflect a higher molar ratio of these proteins in the virion relative to the 26-kD protein, or it may suggest greater immunogenicity of these proteins in the pig. The significance of these circulating antibodies in providing protection against infection with PRRSV or in moderating the severity of clinical signs remains to be determined. From a practical and diagnostic standpoint, the VN test is not a reliable assay for diagnosis because antibodies appear late and fail to persist.
